WILLEM RUDOLFS AND J. V. ZIEMBA of chlorine in sewage: (1) The effect of chlorine-dosage variation upon bacterial kill; (2) the effect of contact-time variation upon bacterial kill; and (3) an attempt to explain what happens to the chlorine which is absorbed in the sewage and what its ultimate effect is on the sewage constituents.
INTRODUCTION
Although sewage chlorination has been practiced for a number of years, there are still many factors affecting the efficiency of sewage chlorination which are poorly understood or practically unknown. It has been held that in order to produce bacterial removal in sewage a certain definite quantity of free chlorine must be present. Statements are made in the literature that chlorine kills bacteria present in sewage, immediately, when the chlorine is added, and also statements that the chlorine demand of the sewage caused by materials in solution and suspension must be satisfied before the bacteria are killed. The question of which substances interfere, if any, with the destruction of bacteria, whether some of the chloro-products formed are toxic, how these factors affect the time of contact of chlorine with sewage and the effect of varying dosages of chlorine, are all of theoretical and practical interest. It is presumably possible that with more knowledge the amounts of chlorine applied could be reduced, the construction of dosing devices and detention tanks altered and different points of application utilized which would be more effective and more practical. Note: Each result is the average of four experiments. Variations in the contact period and the per cent additions of the chlorine demand produce variations in the per cent reduction of the total bacteria. As the reaction time increases, the number of bacteria surviving chlorination decreases. Contact periods affect not only the extent to which bacteria are killed, but also the per cent to which the chlorine demand needs be satisfied. The relation between chlorine-demand satisfaction and contact time as affecting bacterial reduction is clearly brought out in figure 1.
With progressive increases of the chlorine-demand satisfaction bacterial reduction becomes greater but not in direct proportion. With increasing contact time and equal chlorine-demand satisfaction the kill increases, no matter whether the chlorine demand satisfaction is of the order of 20, 40, 60, 80 or 100 per cent.
The relation between reaction time and the per cent B. coli reductions obtained by the use of ferrocyanide-citrate agar medium is shown in figure 2 , where results obtained with additions of 10 and 20 per cent of the chlorine demand are plotted. the method and points of chlorine application. When the point of chlorination is improperly selected poor results may be expected. Some of the advantages of pre-chlorination or split chlorination may be attributed to the better mixing, as well as the longer time of contact. Application of chlorine in a sewer will produce greater bacterial kill than the same amount of chlorine added in a contact tank where the mixing is relatively slower and often incomplete. Properly constructed diffusers produce a more homogeneous sewage-chlorine mixture and of necessity produce greater and more rapid kill.
The results obtained indicate that a 90 or greater per cent 20°C. bacterial removal is assured with detention periods varying from 10 to 30 minutes when the sewage is chlorinated to the extent of but 40 per cent of the chlorine demand, but less when the contact time is shorter. If partial chlorination is practiced at places where large volumes of diluting water are present, sufficient contact time must be given. Since chlorinating to the extent of 40 per cent of the chlorine demand results in the reduction of over 98 per cent of the 20°C. organisms when 20, 25 and 30 minute contact periods are maintained, it is possible, therefore, to chlorinate on the basis of a fixed dosage. Tiedeman (1927) at Huntington, L. I., found that the seasonal chlorine demand, based on the maxinum daily demands during 1926, varied from 6.5 to 13 p.p.m. with a yearly average of 9.6 p.p.m. The increased efficiency to be affected by chlorinating for 15 minutes or more with 40 per cent of the yearly average chlorine demand is apparent when chlorination is properly controlled. On the basis of the yearly average chlorine demand only 3.84 p.p.m. chlorine would be required to effect a 98 per cent reduction of bacterial counts, provided an intimate contact between the chlorine and sewage could be maintained for 15 to 30 minutes. Results reported and discussed elsewhere in this paper tend to show that the chlorine dosage does not have to be applied necessarily in proportion to chlorine-demand variation, because the quantity of chlorine is not dependent upon the total chlorine demand of fresh sewage, but upon those substances which have a great avidity for chlorine. These substances increase with the age of the sewage. EFFECT In an attempt to determine the effect of chloro-proteins and chloro-peptones on bacteria, 0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 3.0, 4.0 and 5.0 p.p.m. of chlorine were added to a 0.5 per cent solution of peptone in nutrient broth. The contact period employed between the chlorine and nutrient broth was 30 minutes. One cubic centimeter and 2 platinum loopfuls of sewage were then added to individual tubes containing the varied amounts of chloropeptones and chloro-proteins. The tubes were incubated at 37°C. for 24 hours, examined for growth and confirmed by streaking upon agar slants.
As an illustration, the results of two experiments are given in The question arose whether addition of varying percentages of chlorine to peptone solution expressed as percentages of the chlorine demand, had any effect on the killing of sewage bacteria. It was thought that more consistent results in the bacterial kill would be obtained by the direct nutrient agar plate method.
The amount of chlorine necessary to satisfy the one-hour chlorine demand of a 0.5 per cent peptone solution was 7.64 p.p.m. A onehour contact period was maintained with the peptone solution and with 0, 20, 40, 60, 80 and 100 per cent of its one-hour chlorine demand additions. Of these, 50 cc. fractionally chlorinated peptone solutions were left standing for one hour with 50 cc. of raw sewage. The numbers of 20°C. bacteria were determined on nutrient agar after 48 hours of incubation. The controls consisted of equal volume mixtures of sewage and buffered distilled water. Table 7 indicates that no matter to what extent a 0.5 per cent peptone solution is chlorinated in respect to its one-hour chlorine Effective disinfection of sewage does not depend upon the persistence of primary chlorine (free chlorine, hypochlorites or hypochlorous acid). Sewage disinfection is affected by the germicidal chloro-organic products produced by virtue of reactions between chlorine and organic compounds. Bacterial reductions produced by chloro-products are very small when the contact time between chlorine and the sewage constituents is short, for the amounts of chloro-products formed are comparatively small. Increasing the CHLOINE IN SIEWAGII DISINFECTION4. contact time results in the formation of more chloro-products and, consequently, in greater bacterial reductions. In this process the early bacterial reductions are produced by primary chlorine,. but with longer reaction periods the bacterial reductions are caused to a greater extent by the chloro-products.
EFFECT OF CHLORINE-DEMAND VARIATIONS
A study of the effect of chlorine-demand variations upon bacterial removal was pursued in accordance with the following two procedures:
1. After the chlorine demand of the raw sewage was determined, it was diluted with distilled water in the following ratios: one 
EFFECT OF STORAGE
Sewage was collected and stored at 0°and 20°C. for a number of days. Bacterial numbers were determined from day to day. Portions of the sewage were chlorinated daily to 10 and 20 per cent of the chlorine demand and contact times maintained rang- hours, the numbers of B. coli decrease very rapidly. It is possible that at the point when the numbers of B. coli decline rapidly the organisms become more sensitive to the toxicity of the applied chlorine so that a greater per cent are killed by chlorine following 24 hours storage. When a given reaction period is maintained, the per cent bacterial removals with low per cent chlorine demand satisfaction varies with the chlorine demand which in turn, affects the amount of chlorine to be added for the given per cent chlorine demand satisfaction (fig. 4) . For instance, when a 15-minute contact period was maintained, higher bacterial reductions were produced when the amount of chlorine added in respect to a given per cent chlorine-demand satisfaction was large. For the same contact period, when the amount of chlorine added in respect to a given per cent chlorine demand satisfaction was small, the per cent bacterial reductions were low. Increasing the contact time provided for greater bacterial reductions while the low chlorine concentration affected the per cent bacterial removals as did the lower contact periods.
If there were no interfering substances, the per cent bacterial kill would be proportionate to the amount of chlorine added. The results do not give proportionate per cent bacterial removals upon increasing chlorine dosages. It is, therefore, evident that there are substances in the sewage which consume chlorine and hence take away the chlorine which should be available for disinfection purposes. The greater the demand for chlorine, the larger is the anount of interfering substances. The larger the amount of interfering substances, the lower is the sterilization efficiency. However, the differences become less with the increase in contact time.
Sewage chlorination, when properly controlled, can be accomplished by chlorinating on the basis of a fixed dosage. Regardless of what the chlorine demand of the sewage may be, the results tend to show that the amount of chlorine added to sewage determines to what extent the bacteria are killed.
EFFECT OF DIALYSIS AND ELECTRO-OSMOSIS
In connection with the studies made to determine the nature of the substances interfering with the kill of the organisms, some Two groups of trials were made: dealing (1) with the dialysis of sewage through parchment paper, and (2) with electro-osmosis through a porous membrane.
1. Effect of dialysis The amount of distilled water used was two and one-half times greater than the volume of raw sewage so that the chlorine demand of the total quantity of external fluid was 20.75 p.p.m. on an equal-volume basis. The chlorine demand of the sewage (internal fluid) together with the demand of the dialysate was 21.92 p.p.m. or only very slightly greater than the demand of the raw sewage.
These results would seem to be contradictory to those obtained with dialysis. It is well known that the chlorine demand of sewage increases upon standing, presumably due to bacterial action which causes hydrolysis or splitting up of more complex organic material to simpler compounds. When sewage was dialyzed the time required was 48 to 96 hours, sufficient to produce a quantity of liquified material with a high chlorine demand. On the other hand electro-osmosis was completed in one hour. From other work in our laboratory it is known that inorganic materials in addition to organic substances pass rapidly through the membrane when electro-osmosis is applied. Since several of the inorganic materials passing through the membrane have practically no chlorine demand it seems clear that the organic substances passing through the membrane are chiefly responsible. These organic substances appear to be in solution but can be readily flocculated. The results show that the chlorine demand of the total mass did not materially increase, whereas the chlorine demand of sewage left standing increased materially. The same was the case with dialyzed sludge, the process in the case requiring from two to four days. During this time bacterial action was sufficient to produce an additional quantity of liquified compounds, which required an additional amount of chlorine to be satisfied. The materials which are in the transition state (changing from complex to simpler compounds) are therefore, the interfering substances. This reasoning leads us to the dictum that the fresher the sewage, the less chlorine should be required for an equal kill of bacteria. We find however, that upon storage the kill is increased. Obviously therefore, there are two factors to be taken into consideration: (1) quantity of interfering substances produced (materials with high chlorine demand) and (2) resistance of bacteria. The results indicate that, although more chlorine is required for the satisfaction of liquified products, less chlorine is necessary to kill the surviving bacteria after storage. It is therefore, a question which of the two factors is predominant. If interfering substances are produced at a relative rapid rate the kill will be less, with equal quantities of chlorine, than if the interfering substances are produced at a slow rate. This has been shown in actual practice (difference between siunmer and winter) and in the laboratory experiments with sewage stored at 00 and 20°C. If, on the other hand, the resistance of the bacteria surviving storage decreases at a greater rate than the increase in interfering substances, less chlorine would be necessary in spite of the fact that the sewage has a greater chlorine demand. The results reported above showing a greater percentage bacterial reduction on the stored sewage as compared with the fresh sewage would be an example.
The results obtained by electro-osmosis indicate also that the chlorine demand exerted by the particles in suspension is slight, which in turn would indicate that oxidation of such material by chlorine is of little importance. Any reduction in oxygen demand of sewage caused by chlorine would be limited (for practical purposes) to the organic material in solution. Some investigators advance the theory (Jenkins 1931-32 ) that accumulation in solution and at the surface of the sludge particles of substances which raise a physical barrier between the organisms and the solid particles will retard decomposition. This could also be applied in a more direct chemical sense, whereby the chlorine is prevented from attacking the bacteria which are surrounded with materials in solution having a strong avidity for chlorine. The inorganic materials would not interfere directly by reacting with the chlorine applied, but may form a physical barrier to the chlorine so that organisns can not be reached unless a longer contact time is available or a more perfect distribution of the chlorine is obtained.
As stated above the data available are insufficient to draw definite conclusions in regard to the specific materials which interfere with the kill, but they indicate that they are organic materials in solution rather than inorganic salts or the coarser suspended solids. The results indicate also a fruitful field for further investigations. bacterial reductions; the effect of storage upon chlorination; the effect of chloro-proteins and chloro-peptones upon bacterial reductions, the effect of the addition of peptone, lactose, fixed ammonia solutions and urine upon bacterial reductions after chlorination; the effect of chlorine-demand variations upon bacterial reductions and the effect of the addition of chlorinated sewage to untreated sewage. Some preliminary work was done on determining the substances which have greatest affinity for chlorine by dialyzing raw sewage.
From these studies the following conclusions may be drawn: 1. Bacterial reductions are obtained with partial chlorination of sewage. The reductions vary with the per cent chlorinedemand satisfaction.
2. The per cent bacterial reductions produced appear to be affected not only by the per cent chlorine-demand satisfaction, but also by the amount of chlorine required to accomplish the given per cent satisfaction.
3. The rate of bacterial kill is greater with lower chlorinedemand satisfactions.
4. Contact period variations affect the per cent bacterial reductions when the sewage is chlorinated below the residual.
5. Contact periods greater than 2' minutes do not appear to affect greatly the per cent bacterial reductions when the chlorine demand is satisfied. The velocity in the death rate increases, for a given per cent chlorine-demand satisfaction, with an increase in the contact time.
6. Upon storage, greater per cent bacterial reductions result with low per cent chlorine-demand satisfaction.
7. Chloro-peptones and chloro-proteins are neither inhibitory to the growth of bacteria nor germicidal. 11. The chlorine demand increases with the increase in the amount of interfering substances.
